[Abstract] Here we describe two experimental protocols to measure the biomechanical properties of primary (growing) plant cell walls, with a focus on analyzing cell wall epidermal strips of onion scales.
Figure 1. The constant-force extensometer. A vertically adjustable, open clamping chamber
fixes the bottom of the wall sample and is capable of holding liquid with a capacity of roughly 150 microliters. A second clamp is applied to the upper portion of the wall sample and is connected to a balanced lever. Displacement of the lever and connecting rod is monitored using a linear variable displacement transducer (LVDT), e.g., Schaevitz 050HR. Weights are applied to the lever to modulate the tension on the sample. Custom software displays and records displacement and calculated extension rates. We use a bank of eight of these units connected in parallel to a microcomputer via a data acquisition module (Data Translation DT9801). Alternatively, many commercial software packages are available both free and for purchase to allow data acquisition and analysis
Procedure

A. Onion peel preparation
Here we describe the protocol for preparing a cell wall strip from the onion. This is obtained from the abaxial epidermis of onion scales (from the outer or convex surface of the scale). The abaxial epidermis adheres tightly to the underlying cells and so when one makes a peel the outer (periclinal) epidermal wall separates from the rest of the cell, resulting in a strip made up of the outer wall only.
This contrasts with the peeling behavior of the adaxial epidermis (from the inner or concave surface of the onion scale), which is only weakly attached to the underlying cells and consequently separates as a whole-cell layer with cells living and intact, e.g., Hepworth 1. Purchase fresh white onions roughly the size of a baseball (between 6 and 10 cm in diameter).
2. Remove and discard the outermost dry, brown layers ( Figure 3A ).
3. The remainder will be readily separable into layers called scales. We refer to these scales from outermost (oldest) to innermost by number (outer to inner, 1, 2..., n) ( Figure 3B ). 4 . Use a single edge razor blade to slice the onion vertically to obtain tapered scale sections of roughly 3 to 4 cm at their widest dimension ( Figure 3B ).
5. Remove scales 1 through 4, leaving scale 5 on the onion from which we obtain our peels. It is also possible to make peels from the other scales.
6. Use the 3 mm slicing jig to make shallow (~0.5 mm deep, 3 mm wide) incisions on the outer (abaxial) surface of scale #5 along the onion vertical axis. These cuts should be roughly 3 cm long and are centered over the middle of the onion vertical axis ( Figure 3C ).
7. Use a single edge razor blade to make three similar incisions perpendicular to existing ones.
These three cuts should be roughly 1 cm apart and centered about the onion vertical axis. This allows for four peels per set of incisions ( Figure 3D 9. Strips ~1 cm long and 3 mm wide are now ready for use in biomechanical assays. For the assays described in this paper, we clamp both ends into one of two devices, with an initial length of 3 or 5 mm between clamps.
B. Constant-force extensometer (creep) assay
This is the procedure for measuring cell wall creep, e.g., mediated by catalysts for cell wall loosening (Cosgrove, 2016a).
1. Ensure all units of extensometer are clean and ready for a new experiment.
2. We typically use 15 to 17 g of tension (0.15-0.17 N) for 3 mm wide abaxial onion epidermal peels from scale #5. Wall strips from younger and older scales have different properties, so you may need to adjust the extensometer tensioning system by trial and error (sufficient tension to obtain good creep rates, not so much that wall breakage becomes a problem). 3. Prepare an appropriate number of peels and proceed with loading as many units as you desire for your particular experiment. We find 8 to 16 replicates to be typically adequate to account for sample variability.
Heat inactivation
Note: Steps B4a-B4g are only used when one wants to inactivate endogenous wall enzymes and they occur before loading the peels in the extensometer.
a. Place the peels between microscope slides and secure with a rubber band ( Figure 5 ). C. Stress/strain assay Here we describe a protocol for quantifying the cell wall mechanical properties based on stress/strain curves . The wall is stretched until a defined force is attained, then returned to original length and stretched a second time to the same force. The second stretch is reversible and thus provides a way to measure wall elasticity. The first stretch is partly irreversible (plastic) and so may be combined with the second stretch to calculate plasticity.
1. Adjust the extensometer software for a strain rate of 3 mm per minute, which is continued until a tension of 98 mN is reached. This tension may need to be smaller or larger, depending on the treatment and history of the cell wall strip. It should be set low enough to avoid tearing of the wall strip or slipping in the clamp, but large enough to produce plastic extension.
2. We configure our device to use a starting distance of either 3 or 5 mm between clamps. This length of sample is convenient and provides sufficient material from which we can obtain a magnitude of measurable biomechanical response we require for these procedures.
3. Prepare an appropriate number of peels as needed for your particular experiment. We typically find 12 to 15 replicates to be adequate to account for sample variability.
4. Steps C4a-C4g are only used when one wants to inactivate endogenous wall enzymes.
a. Place the peels between microscope slides and secure with a rubber band.
b. Put peels in slides into a heat-safe vessel with 100 ml of distilled water so that they can lay flat and be completely submerged.
c. Place into a microwave oven on its highest setting and start the oven.
d. Watch carefully and once a rolling boil is established allow samples to be heated for 12 sec.
e. Remove immediately and quench by placing the slides with peels into another vessel containing room temperature water. f. A Bunsen burner or hot plate may be used but alter the procedure as follows: allow the water to come to a boil and then submerge the peels in slides into the already boiling water.
After 12 sec quench as for the microwave protocol.
g. Once the microscope slides are cool, place the peels back into buffer as dictated by experimental requirements.
5. Remove one peel from the Petri dish and place it onto a cover glass, which serves as a carrier for the peel ( Figure 6A ).
6. Position the peel at the top center of the cover glass ( Figure 6B ). Here are three movies illustrating the two sequential extension cycles for a stress/strain assay of onion epidermal wall strips. 
